lost as the cells become round; the spicules become more prominent and then become finer. The formation of these spiculated forms, known as echinocytes, is associated with a decrease in ATP levels [13] ; this affects the ATP-dependent systems that maintain the lipid asymmetry of the membrane [14, 15] and can also lead to the degradation of lipids incorporated into the bilayer [16] . These factors affect the relative areas of the inner and outer leaflets of the membrane bilayer, affecting the RBC shape [14] [15] [16] [17] . The convex bumps of the echinocytes are associated with an increase in the area of the outer leaflet relative to that of the inner leaflet [17] as shown in figure 1 , with the cytoskeleton acting to stabilize the spiculated forms, preventing the formation of vesicles [18, 19] . The effects of DEHP on lipid asymmetry were investigated here by measuring the exposure of phosphatidylserine (PS), a lipid which is normally predominantly in the inner leaflet [20] . These experiments were then repeated in the presence of orthovanadate, which inhibits ATP-dependent enzymes [14] , in order to determine if DEHP was acting directly on the membrane lipids or indirectly by affecting the ATP-dependent systems that maintain lipid asymmetry.
The goal of the work presented here is to investigate the RBC shape-changing effects that can be attributed specifically to DEHP. Many factors can affect cell shape [21] ; in order to simplify the analysis, it was desirable to introduce DEHP to the cells using a method that does not cause any such background changes. The approach taken was to add the DEHP directly to the aqueous medium used to suspend the cells; this resulted in a low DEHP concentration so that low numbers of RBCs collected in a DEHP-free environment were suspended in this mixture in order to maintain a relatively high ratio of DEHP to membrane lipids. The effects of DEHP could therefore be observed while minimizing other factors affecting RBC morphology.
Material and Methods

Preparation of the DEHP Mixtures
The following DEHP mixtures were prepared: stirred DEHP / phosphate buffered saline (PBS) (for incubation with RBCs), sonicated DEHP/PBS (for incubation with RBCs at higher DEHP concentrations), and stirred DEHP/water (for analysis by liquid chromatography (LC) / tandem mass spectrometric analysis (MS/MS)). PBS was made up from tablets (VWR) to give a solution with 137 mmol/l sodium chloride, 2.7 mmol/l potassium chloride, and 10 mmol/l phosphate buffer pH 7.4. The stirred DEHP/PBS was prepared by adding 5 μl of DEHP (Sigma-Aldrich, St. Louis, MO, USA) to 100 ml of aqueous medium and then stirring overnight. The sonicated DEHP/PBS was prepared from the stirred mixture, which was subjected to 2 × 25 min sonication in an Elmasonic S 60 (H) water bath. For the LC-MS/MS analysis, the stirred DEHP was prepared as described above, but with water in place of the PBS, due to the requirement of low salt in the analyte.
Determination of DEHP Concentration by LC-MS/MS
The concentration of DEHP in water was determined using LC (Agilent 1100 HPLC system from Agilent, Germany) followed by MS/MS with an API 4000 quadrupole mass spectrometer (Applied Biosystems / MDS Sciex, Foster City, CA, USA), equipped with an electrospray ionization source (see supporting information for details, available at http://content.karger.com/ProdukteDB/ produkte.asp?doi=490502 ).
Preparation of PAH Adhesion Layer for RBCs
Glass microscope slides were modified with polyallylamine hydrochloride (PAH) as described previously [19] . The PAH (Sigma-Aldrich, average M w 15,000 Da) was prepared by stirring overnight in 0.5 mol/l NaCl at a concentration of 0.1 g/ml. The source of the PAH was found to be important for the reproducibility. Glass slides with a single depression (Häberle, Lonsee-Ettlenschieß, Germany) were cleaned following the procedure described in the LC-MS/MS section, followed by a 30 min incubation in the PAH solution. The slides were then soaked in water overnight and stored in water until the day of the RBC experiments. The PAH-coated slides were soaked in PBS or DEHP/ PBS on the day of the experiment for at least 3 h before addition of the RBCs.
Blood Samples
Blood was collected from volunteer healthy donors after informed consent using a 20 gauge needle and a 10 ml EDTA Monovette (Sarstedt, Nümbrecht, Germany). Ethical approval was granted by the Medical Ethics Committee of the university. Initial experiments with other anticoagulants did not show any observable differences of the morphological effects described below (data not shown). Whole blood was centrifuged at 420 × g for the flow cytometry experiments, after which the plasma and buffy coat were discarded. Additional rinsing and incubation steps were as described in the different sections. The blood samples were centrifuged at 60 × g for the morphological studies. Experiments in which RBCs prepared for flow cytometry were used in morphological studies showed that the centrifugation procedure did not affect the later results. The RBCs used for the Annexin A5 experiments were collected on the same day as the experiments unless otherwise specified and were cooled before use. For the morphological tests, the RBCs were collected, cooled and stored in upright collection tubes for up to 4 days before use. Storage time for the samples is specified in the figure captions, or where appropriate in the results section.
Some experiments were carried out with RCCs collected at the German Red Cross Blood Service Baden-Württemberg -Hessen dedicated to quality control analyses. The RCCs were prepared from whole blood anticoagulated with ACD (acid citrate dextrose solution) and processed by buffy coat removal and leukocyte filtration to reduce leukocytes and platelets. The RCCs were stored in saline-adenine-glucose-mannitol (SAG-M) in PVC storage bags, with DEHP as a plasticizer. These RBCs are noted in the results as 'transfusion bag' samples.
Observation of RBCs
Unless otherwise specified, RBCs that had been washed three times in PBS or DEHP/PBS (5 μl packed RBCs rinsed 3× in 1 ml buffer, then resuspended in Fig. 1 . The initial discocyte form of RBCs changes to a spiculated echinocyte form during storage, in association with an increase in the area of the outer membrane leaflet relative to the area of the inner leaflet. The echinocyte spicules become more pronounced as the area difference increases.
1 ml) were added to 80 μl of PBS in the PAH-coated depression of a glass microscope slide, with no added coverslip in order to avoid the shape-changing effects of glass in contact with the buffer medium [21] . The RBCs were left to settle onto the PAH layer and were then rinsed gently in order to remove some of the suspended cells and to replace the buffer with fresh medium. The RBCs were observed under phase contrast, using a Zeiss Axiovert A1 microscope (40× objective, NA = 0.55) with a Zeiss AxioCam ICc1 camera, or bright field, using a Zeiss Axiovert 100 microscope (40× objective, NA = 0.60) with a Zeiss AxioCam MR3 camera (Zeiss, Oberkochen, Germany). 
Treatment of RBCs with HSA to Form Stomatocytes
In addition to the DEHP/PBS treatment of RBCs described above, RBCs were exposed to albumin, a treatment known to cause stomatocyte formation [22, 23] . The RBCs were rinsed in PBS and then observed in human serum albumin (HSA; Biowest, Nuaillé, France) at a concentration of 20 mg/ml in PBS, following the same procedure described above for observation of RBC morphology.
Annexin A5 Detection of Exposed PS by Flow Cytometry: Effect of DEHP, Buffer and Vanadate on Native RBCs and Positive Controls
Packed native RBCs were rinsed 3× in 0.154 mmol/l NaCl and then resuspended in PBS or sonicated DEHP/PBS, at a volume ratio of 10 μl packed RBCs to 10 ml solution. After 5 min incubation, cells were centrifuged at 420 × g , rinsed once with NaCl solution and then resuspended in annexin-binding buffer (10 mmol/l HEPES, 140 mmol/l NaCl, 2.5 mmol/l CaCl 2 ; BD Bioscience, Heidelberg, Germany). The cell suspension was incubated with annexin A5-FITC for 15 min in the dark before the fluorescence was measured using a flow cytometer (BD FACS Canto II; BD Bioscience). Positive controls were prepared by resuspending the RBCs after the initial saline rinse step in 0.9 wt% NaCl + 2.5 mmol/l CaCl 2 for 3 min, followed by addition of ionomycin (Santa Cruz Biotechnology, Dallas, TX, USA) to a concentration of 4 μmol/l and a 1 h incubation at 37 ° C [24] . The RBCs were rinsed with NaCl (0.9 wt%) + 2.5 mmol/l EDTA followed by three rinses with NaCl (0.9 wt%) + 1% BSA (Applichem, Darmstadt, Germany) and one rinse with NaCl (0.9 wt%). The positive controls were then treated in the same way as the native RBC samples with respect to subsequent incubations with DEHP/NaCl and annexin A5-FITC staining. The effect of vanadate on the flow cytometry results was determined by preparing a stock solution of sodium orthovanadate (VWR) at 0.2 mol/l; vanadate was then added from this stock solution at a 1: 1,000 dilution to all the solutions listed above for a final concentration of 0.2 mmol/l in order to inhibit the ATP-dependent enzymes [14] .
Results
DEHP Concentration
The concentration of DEHP mixtures prepared by stirring the DEHP with water was found to be 1.4 ± 0.8 ng/ml.
Positive Control for Stomatocyte Formation: HSA and Identification of Stomatocytes
Stomatocytes formed after the addition of albumin, a known stomatogenic agent [22, 23] , are illustrated in figure 2 . When RBCs are observed in dried films, stomatocytes are identified by a central linear slit [25] , such as that seen on the late stage stomatocytes marked LS on figure 2 a. In addition to this advanced stage of stomatocytes, there are many intermediate forms that can be identified. As RBCs progress through stomatocytosis, discocytes initially decrease in diameter [22] and then develop cup-shaped forms before developing the form associated with the linear slit and then Images b-e and g-j were acquired using a Zeiss Axiovert A1 microscope and images a and f in bright field, with a Zeiss Axiovert 100 microscope. The RBC sample used for a and f above was washed following the procedure described for flow cytometry, with centrifugation steps at 420 g. The DEHP-exposed RBCs shown in d and the corresponding control sample in i both show unusual features, which are indicated by arrows: the control sample had elliptocytes as well as echinocytes and small spherical cells, while the stomatocytes formed after exposure to DEHP showed some degree of budding. Experiments were carried out on the same day that the samples were collected ( a-d ) or the day after sample collection ( e ). The full fields of view for figures 3e and j are shown in figure S4 of [26] . The cup-shaped form is distinctive when adsorbed on edge, as shown in figure 2 b, for the cell marked S. The cup shape is not visible when the cells do not adsorb to the PAH edge-on, but the cells may be distinguished from the discocytes because they are both smaller in diameter and also thicker, making them brighter in phase contrast microscopy. The range of stomatocyte shapes present is summarized in figure 3 , which shows both the edge and top views. 
DEHP and Cell Morphology
Calculations of DEHP-to-Lipid Ratio
The ratio of DEHP to lipids in stored RBCs is calculated first based on literature values for the lipid content of RBCs [27] and for the amount of DEHP associated with the RBC membrane, which has been measured for RBCs stored as RCCs using radiolabeled DEHP [3] . Lipids can be extracted from RBCs with a yield of 3.15 μmol cholesterol and 3.90 μmol phospholipid per milliliter of packed cells [27] , for a total lipid content of approximately 4.3 mg/ ml, if we assume an approximate molecular weight of 800 Da for the phospholipids. The DEHP associated with the membrane at day 28 of the RCC storage is 11.6% of the 80 μg/ml of DEHP that is extracted from the blood bag [3] , or 9.3 μg DEHP/ml.
The DEHP-to-lipid ratio that can be calculated for RBCs will then depend on the volume fraction of RBCs in the suspension. If we calculate based on a 60% hematocrit, a possible value for RCCs, the lipid content will be 0.60 × 4.3 mg lipid/ml, giving us a DEHP to lipid ratio of 0.36%. At the end of the storage period, the DEHP is therefore present at a value of more than 0.1% by weight of the membrane lipid.
In order to calculate the DEHP-to-lipid ratio in the cell morphology studies, experiments were carried out with the stirred DEHP preparations, for which the DEHP concentration had been It is possible that the DEHP in our studies is present as a suspension and that only some RBCs encounter DEHP droplets. If we calculate the DEHP-to lipid ratio considering only the 6% of the cells that changed shape, this produces a number of 0.4%, similar to the value calculated for the transfusion bags at the end of the storage period. There is no evidence here for a size-based selection of the RBCs, a point that is of interest because of the decrease in cell volume that is associated with RBC senescence [28] .
RBCs and External PS: Effect of DEHP and Orthovanadate
Inhibition of the ATP-dependent translocases that maintain phospholipid asymmetry in the RBC membrane [14] through the addition of 0.2 mmol/l orthovanadate did not have a significant effect on the PS exposure in RBCs incubated in either PBS or sonicated DEHP/PBS (see table S3 in the supporting information, available at http://content.karger.com/ProdukteDB/produkte. asp?doi=490502 ). The positive control samples produced with ionomycin and calcium were all late stage echinocytes, with 41 ± 3% annexin A5-positive cells based on four experiments; incubation of these cells with DEHP had variable effects, with the annexin-positive cell counts varying by 4%, 16%, 2.5% and -3%.
Tests were also done on one freshly collected transfusion bag (day 3 after collection), 6 outdated transfusion bags (after the 35-day maximum storage period) and samples from three donors collected and stored in EDTA tubes (between 30 and 35 days). The RBCs collected in bags with added SAG-M had lower numbers of annexin-positive cells for comparable storage times: the day-3 transfusion bag samples had 0.05% annexin-positive cells (based on two aliquots taken from one bag, values 0.06 and 0.04%), as compared to the values shown in table 1 ; after the extended storage period, transfusion bag samples had 0.46 ± 0.16% annexin-positive cells, while the samples stored in tubes had much higher values that seemed to be donor specific (values of 4.7%, 13.9% and 16.5%).
Discussion
The action of DEHP on whole transfusion bag samples has been described previously, but there has been little focus on the molecular mechanisms by which DEHP exerts its effects. The DEHP is known to have a beneficial effect on RBCs that are stored for transfusion, reducing susceptibility to hemolysis [8] [9] [10] 29] and minimizing the formation of both echinocytes [10] and microparticles [8] [9] [10] [11] . Hemolysis, vesicle formation, and the shape changes associated with echinocyte formation are associated with the membrane; together with the known association of DEHP with the RBC membrane [3] , this makes the DEHP-membrane interactions a specific target to study. The focus of the work presented here is on the link between DEHP and RBC shape, a feature that is readily observable and that can be used to track both the interactions of added molecules with RBCs and the transverse movement of such molecules between the two leaflets of the lipid bilayer [14, 20] .
One question to consider when characterizing the molecular effects of DEHP on RBCs is the medium in which the RBCs should be suspended for the studies. The greatest interest is in RBC samples that are stored for transfusions. The problem with studying RBCs in this environment is that multiple factors are known to affect the RBC shape during the storage period: in addition to the ATP depletion which leads to echinocyte formation [13] (and which is minimized by the SAG-M additives), RBCs in transfusion bags are subjected to pH values that decrease over the storage period [30] , which favors stomatocyte formation [31] , and increasing amounts of lysolipids in plasma [32] during storage can drive echinocyte formation [33] . The presence of albumin is also a complicating factor: added albumin can cause stomatocyte formation [22, 23] , because of extraction of lipids from the outer membrane leaflet [34, 35] ; albumin is also known to interact with DEHP [2] . The large number of variables in the transfusion medium over the course of the storage period therefore makes it difficult to isolate the effects of a specific additive. This problem can be minimized by studying RBCs in a simple system such as a buffer, although this in turn leads to the question of the applicability of the results in a medically relevant setting. The choice here has been to use the simple system on the principle that this is the best way to obtain structural information; the applicability of the results to transfusion bags is discussed later.
In these experiments, the RBCs were deposited on an adherent surface that has been shown previously to be capable of attaching cells without distortion of either the discocyte or the echinocyte forms [19] . The surface is positively charged, and adheres to the negatively charged RBCs, in a manner similar to that of polylysine, a more familiar adherent polymer used for observation of cells. The procedure has several advantages: it allows the identification of early stage stomatocytes, unlike the standard clinical preparation of dried blood films that can be used for identification of late-stage stomatocytes [25] ; it avoids the echinocyte-inducing effect of unmodified glass, associated with the elevated pH near the glass surface [21] ; it also allows the observation of unfixed cells, thus making it possible to follow dynamic processes and also avoiding artefacts associated with the fixation process. The use of an adherent layer also allowed us to rinse the cells in situ, so that RBCs in suspension could be removed in order to improve the image quality and the buffer could be exchanged, in order to ensure fresh buffer for the cell medium. There are, however, potential problems: one of these is that there can be some inherent variability to positively charged surfaces, due to changes in the positive charge density when the samples are stored [36] ; a second possible issue is that adsorption to a positively charged surface may lead to the formation of lipid domains [37] . In the results presented here, the stomatogenic effects of DEHP are evaluated by comparison to matched controls in which RBCs in buffer have been applied to the surfaces. The challenge with studying DEHP was to establish a method for adding the DEHP to suspensions of cells in buffer. During standard storage procedures, this addition happens when the DEHP leaches slowly out of the bags during the period when the plastic is in contact with plasma [2, 3] . Introduction of DEHP to cell suspensions has been accomplished previously with the help of an emulsifier [10] and by addition of DEHP to plasma [8] , but both the emulsifier [10] and the albumin found in plasma [22, 23] affect the RBC shape. For analysis of RBCs in the simple buffer system chosen here for the studies, we were limited to the amount of DEHP that could be suspended in an aqueous medium. The concentration of DEHP in stirred aqueous preparations was determined here to be 1.4 ± 0.8 ng/ml, towards the lower end of the very wide range of solubilities reported in the literature (0.0006-1.3 mg/l [38] ). DEHP may be present as a suspension rather than as a solution (see supporting information Determination of DEHP concentration by LC-MS/MS for some additional discussion on this topic, available at http://content.karger.com/ProdukteDB/ produkte.asp?doi=490502 ).
The solubility of DEHP in water is much lower than in plasma, given that concentrations of 80 μg/ml have been demonstrated in blood bags [3] . This is as expected, because of the association between DEHP and albumin in the blood [2, 3] . The ratio of DEHP to RBC lipid was therefore increased in the experiments by decreasing the RBCs in suspension: RBCs were mixed with the DEHP preparations at numbers much lower than those found in suspension in transfusion bags, which are between 40 and 70% by volume packed RBCs [30] . Under the experimental conditions used, the stirred DEHP preparations caused between 5 and 7% of the RBCs to form stomatocytes. As calculated in the results section (see 'Calculations of DEHP-to-Lipid Ratio' above), the DEHP-to-lipid ratio in the affected cells may be similar to that seen for RBCs stored in blood bags. The ratio found in blood bags, where DEHP is 0.1% or higher by weight relative to the membrane lipid, is potentially high enough to affect the lipid-based membrane physical properties such as phase transitions, which have been shown in model systems to vary strongly with small amounts of added DEHP [39] .
The sonicated DEHP preparations resulted in higher numbers of cells becoming stomatocytes for RBCs from all donors, as shown in figure 4 and in table S1 of the supporting information (available at http://content.karger.com/ProdukteDB/produkte.asp?doi=490502 ) with the associated cell counts. The numbers of stomatocytes formed ranged from 9 to 20%, a variation that may reflect experimental conditions, differences in the donors, or else a combination of these factors. The existence of some differences between the donors is suggested by one experiment in which two donors were compared on the same day, with the same DEHP preparations and the same batch of PAH-modified slides ( fig. 4 b, c) : the sample shown in figure 4 b produced 20.3% stomatocytes after exposure to DEHP, while the sample in figure 4 c produced 11.4% stomatocytes. Additional experiments would be required to confirm the existence and extent of any donor differences, although it is interesting to note that the donor sample with the highest stomatocyte count after DEHP exposure (4b) also had the highest stomatocyte count in the PBS control sample, at 2.5%. Donor differences in lipid profiles and cholesterol content are certainly possible, and may affect the cell response; donor differences in RBC membrane phase transitions have been noted previously, and have been attributed to differences in lipids [40] .
In all cases where RBCs were exposed to DEHP, many of the cells retained their initial discocyte shape. As mentioned above, it is probable that the DEHP is a suspension rather than a true solution: it is therefore possible that the interaction with the DEHP is limited to the cells that come into contact with discrete DEHP droplets. This model is supported by the fact that sonicating the DEHP increases the numbers of affected cells, but does not appear to increase the extent to which individual cells are affected: as shown in figure 4 , the affected cells are still largely early-stage stomatocytes. This is one area where experimental conditions differ from transfusion bag storage: it is not possible here to say that all cells have been exposed uniformly to the same concentration of DEHP. An alternate explanation for the differences in the RBC shapes after exposure to DEHP is that there are subpopulations of cells with differing degrees of susceptibility to DEHP; for example, older RBCs have been found previously to be less susceptible to chlorpromazine-induced stomatocyte formation [23] . This would provide one possible explanation for the differences between donors, but the flow cytometry results did not show any size-based selectivity in the annexin-positive cells. In the present case, we are limited to the conclusion that the addition of DEHP can affect at least some RBCs, and that it can lead to the formation of stomatocytes.
The shape change associated with the transition from discocytes to stomatocytes is due to an increase in the area of the inner leaflet of the membrane relative to the outer leaflet [17, 23, 41] . There are different possible mechanisms by which DEHP could cause this, as illustrated in figure 7 : DEHP could insert selectively into the inner membrane leaflet, thus increasing the area directly; it could extract lipids from the outer leaflet; it could act as a synthetic scramblase, mixing up the lipids from the inner and outer leaflets; it could affect the active transport system that maintains lipid asymmetry. Selective insertion into the inner leaflet has been seen before for chlorpromazine [17, 23] , and is based on the interaction of positively charged additives and the negatively charged lipids such as PS that are found predominantly on the inner leaflet. DEHP, however, is uncharged and oil-soluble, and would therefore be expected to reside in the hydrophobic interior of the membrane; selective insertion as a means of DEHP-induced stomatocyte formation therefore seems unlikely. Albumin causes formation of stomatocytes [22, 23] by extracting lipids from the outer leaflet [23, 34] , but this is because the albumin is water-soluble, while still maintaining hydrophobic pockets that can interact with lipids. The DEHP has a very low solubility in water, and so this method of stomatocyte formation also seems unlikely.
The third possible mechanism for stomatocyte formation listed above, scramblase activity in which the DEHP mixes lipids from the inner and outer leaflets, was investigated by monitoring the effect of DEHP on PS. As summarized in table 1 , DEHP did have a small effect on the PS distribution in the test samples of RBCs and a variable effect on the positive control samples. The DEHP-induced exposure of the PS does not seem to be dependent on the ATP-dependent translocases that maintain the lipid asymmetry because addition of orthovanadate, which inhibits the translocases, has little effect on the observed results, as shown in table S3 (available at http://content.karger.com/ProdukteDB/produkte.asp?doi=490502 ). DEHP therefore appears to be able to act as a synthetic scramblase.
If PS is the only lipid that moves from the inner to the outer membrane leaflet, then this would increase the area of the outer leaflet relative to that of the inner leaflet, an area change that is in the wrong direction to cause the formation of stomatocytes. It is, however, possible that DEHP has a non-specific effect with regard to lipid flip-flop and that other lipids also have increased transverse movement after RBCs are exposed to DEHP. The effect in which stomatocyte formation is seen simultaneously with appearance of exposed PS, has been seen elsewhere, with the addition of nanoparticles to RBCs [42] ; small molecules have also been shown previously to be able to cause lipid flip-flop between leaflets [43, 44] .
Exposure of PS is associated with cell death, but this link does not appear to be well-defined for RBCs: the positive controls for the annexin test, in which an ionophore was added to allow calcium ions into the cells, caused 100% late-stage echinocyte formation, but much less than 100% PS exposure; conversely, incubation of the RBCs with DEHP was able to cause some PS exposure without forming any late-stage echinocytes. There is therefore no evidence that the PS exposure during the DEHP incubation was due to the DEHP causing cell death in the RBCs. The DEHP did, however, cause a small number of RBCs to become spherical and then lyse, as shown in figure 5 , possibly due to larger droplets of DEHP or older cells. The lysed cells are clearly dead by any definition of cell death, but it is interesting to note that it was possible for them to continue changing shape, as shown in figure 6 and figure S6 (available at http://content.karger.com/ProdukteDB/produkte. asp?doi=490502 ), which show a lysed RBC forming a stomatocyte. This provides further evidence that the stomatocyte-forming effect is not due to the action of DEHP on the active transport system. Most of the stomatocytes that were formed after the DEHP incubation were, however, stable over the period of observation, as illustrated in figure S2 (available at http://content.karger.com/ProdukteDB/produkte.asp?doi=490502 ), which shows a single cell over a 40-min period.
The next question to address is the applicability of these results to the storage of RBCs for transfusions. DEHP is added here rapidly, probably in the form of suspended discrete droplets. The kinetics of the interaction are clearly not the same as the gradual increase of DEHP that would be expected with transfusion bags; the distribution of the DEHP in the RBC population may also differ. The location of the DEHP within the lipid bilayer of the RBC membrane should, however, be determined by the structures of the DEHP and the lipids, regardless of the mode of addition. Measurements reported elsewhere on the extent of the DEHP interaction with the RBC membrane in transfusion bags [3] suggest that the 421 DEHP-to-lipid ratio is sufficiently high to affect the lipid-based membrane physical properties [39] ; the ratio in the stomatocytes seen here may be in a similar range, as suggested by the calculation of stomatocyte counts formed after exposure to stirred DEHP. The RBC suspensions in transfusion bags have been shown to have a relatively high proportion of stomatocytes over the majority of the storage period [45] . This may be due to a combination of factors including the pH of the storage medium. DEHP would be low at the beginning of the storage period, but would increase with time, which would counteract the formation of echinocytes. The exposure of PS is potentially deleterious [46] , but this effect appears to be much lower in RBCs collected and stored in EDTA tubes than in the transfusion bags, possibly because of additives that maintain the ATP levels within the cells, and thus help to maintain the activity of the translocase system that actively transports the PS to the inner leaflet [14] .
In summary, DEHP in aqueous suspensions affects the RBC shape; these effects can be seen at relatively low DEHP concentrations, provided that the cell count is correspondingly low; the DEHP appears to act as a synthetic scramblase, driving stomatocyte formation by increasing the flip-flop of lipids between the leaflets of the RBC membrane. DEHP is therefore actively driving the cell shape in a manner that counteracts the echinocytosis associated with the ATP depletion of long-term storage.
